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Abstract
Rapid development of the integrated optics and photonics makes it necessary to create
cheap and simple technology of optical waveguide systems formation. Photolithography
methods, widely used for these tasks recently, require the production of a number of
precision amplitude and phase masks. This fact makes this technology expensive and the
formation process long. On another side there is a cheap and one-step holographic record-
ing method in photopolymer compositions. Parameters of the waveguide system formed
by this method are determined by recording geometry and material’s properties. Besides,
compositions may contain liquid crystals that make it possible to create elements, control-
lable by external electric field. In this chapter, the theoretical model of the holographic
formation of controllable waveguide channels system in photopolymer liquid crystalline
composition is developed. Special attention is paid to localization of waveguides in the
media caused by light field attenuation during the formation process.
Keywords: photopolymer, liquid crystal, waveguide, holography
1. Introduction
The ability to formwaveguide systems for optical and terahertz radiation in photopolymerizable
compositions recently is of great interest among researchers: [1–4]. Formed holographically or by
photolithography methods, such waveguides are widely used in the integrated optics and
photonics devices. Besides, it seems urgent to create the manageable light guides, in which the
light propagation conditions can be controlled by external influences, such as an electric field.
© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
One of the possible solutions of this problem is a holographic recording of the waveguide
channels in a photopolymer composition containing liquid crystals.
The aim of this chapter is to develop the theoretical model of holographic formation of
controllable waveguide channels system in photopolymer liquid crystalline composition with
dye sensitizer, also known as polymer-dispersed (PDLC) or polymer-stabilized (PSLC) liquid
crystals.
2. Theoretical model
We consider the incidence of two plane monochromatic waves E0 and E1 with incidence angles
θ0 and θ1 on the PDLC (PSLC) sample for two formation geometries: transmission (Figure 1a)
and reflection (Figure 1b) ones.
Thus, recording waves in the general case can be described as:
E0 r; tð Þ ¼ e0  E0 rð Þ  e
i ωtk0 rφ0 rð Þð Þα r;tð Þ N0 rð Þ,
E1 r; tð Þ ¼ e1  E1 rð Þ  e
i ωtk1 rφ1 rð Þð Þα r;tð Þ N1 rð Þ,
(1)
where e0, e1 are the unit polarizations vectors of the beams; E0 rð Þ, E1 rð Þ are the spatial ampli-
tude distributions; φ0 rð Þ, φ1 rð Þ are spatial phase distributions; k0, k1 are the wave vectors;
N0,N1 are wave normals; α r; tð Þ is the absorption coefficient; ω ¼ 2pi=λ, λ is the wavelength
of the recording radiation.
Investigated material is characterized by optical anisotropy properties; thus, in the material,
each of recording wave (Eq. (1)) will be divided into two mutually orthogonal ones called
ordinary and extraordinary. So, in the sample, Eq. (1) should be rewritten as:
Figure 1. Waveguide channels holographic formation: (a) transmission recording geometry and (b) reflection recording
geometry.
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E0 r; tð Þ ¼
X
m¼o, e
em0  E0 rð Þ  e
i ωtkm0 rφ0 rð Þð Þα r;tð Þ Nm0 rð Þ,
E1 r; tð Þ ¼
X
m¼o, e
em1  E1 rð Þ  e
i ωtkm1 rφ1 rð Þð Þα r;tð Þ Nm1 rð Þ,
(2)
where m = o corresponds to ordinary waves and m = e corresponds to extraordinary waves,
respectively.
For two recording geometries (see Figure 1), the spatial distributions of the forming field
intensities are determined by the following expression:
IT r; tð Þ ¼
X
m¼o, e
I0 rð Þ  eα r;tð Þ N
m
0 þN
m
1ð Þr½   1þmm rð Þcos Km  rþ φ0 rð Þ  φ1 rð Þ
  
IR r; tð Þ ¼
X
m¼o, e
I0 rð Þ  e
α r;tð Þd
2½   ch α r; tð Þ  Nm0 þN
m
1
 
 r
d
2
  	
 1þmm rð Þcos Km  rþ φ0 rð Þ  φ1 rð Þ
  
,
(3)
where IT r; tð Þ, IR r; tð Þ are the spatial distributions of light field intensity for transmission and
reflection geometries, respectively; I0 rð Þ ¼ E20 rð Þ þ E
2
1 rð Þ, m
m rð Þ ¼ 2E0 rð ÞE1 rð Þ
E20 rð ÞþE
2
1 rð Þ
 em0  e
m
1
 
are the
local contrasts of interference patterns; Km ¼ km0  k
m
1 ; d is the thickness of the material.
Under the influence of light field in photopolymer liquid crystalline composition with dye
sensitizer, the dye molecule absorbs a light radiation quantum with the dye radical and the
primary radical initiator formation. The radical of dye is not involved in further chemical
reactions and turns to colorless leuco form.
Thus, during the waveguide channel system formation, dye concentration decreases. This fact
causes the light-induced decreasing of light absorption. The absorption coefficient dependence
of a mount of absorbed radiation can be written as [5]:

dα r; tð Þ
dt
¼ βq  α0  Iabs r; tð Þ, (4)
where α r; tð Þ ¼ α0  Kd r; tð Þ is the absorption coefficient with light-induced change taken into
account; Kd r; tð Þ is dye concentration; α0 is the absorption of one molecule; βq is quantum yield
of dye; and Iabs r; tð Þ is the light intensity from Bouguer-Lambert law:
ITabs r; tð Þ ¼
X
m¼o, e
E20 rð Þ  1 e
α r;tð Þ Nm0 r½ 

 
þ E21 rð Þ  1 e
α r;tð Þ Nm1 r½ 

 
IRabs r; tð Þ ¼
X
m¼o, e
E20 rð Þ  1 e
α r;tð Þ Nm0 r½ 

 
þ E21 rð Þ  1 e
α r;tð Þ dNm1 r½ 

  , (5)
where ITabs r; tð Þ, I
R
abs r; tð Þ are defined for transmission and reflection geometries, respectively.
Then, the solution of Eq. (3) for light-induced absorption change for transmission and reflec-
tion geometries is obtained in [5] as follows:
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αmT r; tð Þ ¼ αsub þ α0Kd0  e
βqα0 N
m
0 þN
m
1ð Þrt½ 
αmR r; tð Þ ¼ αsub þ α0Kd0  e
βqα0 N
m
0 rþdN
m
1 rð Þt½ 
, (6)
where αsub is the substrate absorption coefficient and Kd0 is the initial dye concentration.
The process of waveguide channels’ holographic formation is described by the kinetic equa-
tions system (KES), written for monomer concentration and refraction index [6–8]:
∂Mm r; tð Þ
∂t
¼ div DmM r; tð Þgrad M
m
r; tð Þ
 
 Kg 
α0βKd0τ0I
m
r; tð Þ
Kb
 0,5
Mm r; tð Þ, (7)
∂nm r; tð Þ
∂t
¼ δnp  Kg 
α0βKd0τ0I
m
r; tð Þ
Kb
 0,5
Mm r; tð Þ
Mn
þ δnlcdiv D
m
LC r; tð Þgrad
Mm r; tð Þ
Mn
 
, (8)
where Mn is the initial concentration of the monomer; Kg, Kb are parameters of the rate of
growth and breakage of the polymer chain, respectively; β is the parameter of initiation
reaction; τ0 is lifetime of the excited state of the dye molecule; D
m
M r; tð Þ, D
m
LC r; tð Þ are the
diffusion coefficients of the monomer and liquid crystal, respectively; δnp, δnlc are weight
coefficients of the contribution of photopolymerization and diffusion processes; and Im r; tð Þ is
the intensity distribution (Eq. (3)).
Diffusion coefficients can be defined from the following equations:
DmM r; tð Þ ¼ DMnexp sM 1
Mm r; tð Þ
Mn
  
DmLC r; tð Þ ¼ DLCnexp sLC 1
Lm r; tð Þ
Ln
   , (9)
where DMn and DLCn are the initial diffusion coefficients, respectively; sM, sLC are rates of
reduction in time; Ln, L
m
r; tð Þ are the initial and current concentrations of liquid crystal.
Weight coefficients δnp and δnlc from Eq. (7) are found from the Lorentz-Lorentz formula [8]:
δnp ¼
4pi
3

n2st þ 2
 
6n2st
 αM þ
αP
l

 

rM
WM
, (10)
δnlc ¼
4pi
3

n2st þ 2
 
6n2st
 αM
rM
WM
þ αLC
rLC
WLC
 
, (11)
where αM, αP, αLC are the polarizability of monomer, polymer, and liquid crystal molecules,
respectively; rM, rLC are the density of the monomer and liquid crystal, respectively;WM,WLC
are molecular weights; l is the average length of polymeric chains; and nst is the refractive
index of the composition prior to the start of the recording process, determined by the Lorentz-
Lorentz formula from the refractive indices of the monomer and the liquid crystal [8]:
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nst ¼ Mn 
n2M  1
n2M þ 2
þ Ln 
n2LC  1
n2LC þ 2
, (12)
where nM, nLC are the monomer and liquid crystal refractive indices.
Because of periodical character of the forming fields’ intensities’ spatial distributions, solution
of KES can be found as a sum of H spatial harmonics [8]:
Mm r; τð Þ ¼
XH
j¼0
Mmj r; τð Þcos jK
m
rð Þ, nm r; τð Þ ¼ nst þ
XH
j¼0
nmj r; τð Þcos jK
m
rð Þ, (13)
where Mmj r; τð Þ ¼
1
2pi
Ðpi
pi
Mmj r; τð Þcos jK
m
rð Þ d Kmrð Þ, nmj r; τð Þ ¼
1
2pi
Ðpi
pi
nmj r; τð Þcos jK
m
rð Þ d Kmrð Þ
are the monomer concentration and refractive index harmonics amplitudes, respectively; nst is
the PDLC (PSLC) refractive index at τ ¼ 0; τ ¼ t=TmM is the relative time; T
m
M ¼
1
DmMn K
mj j2
is the
components’ diffusion characteristic time.
By substituting Eq. (13) to the KES (Eqs. (7 and 8)) and using the orthogonality of spatial
harmonics, a system of coupled kinetic differential equations for the amplitudes of monomer
concentration harmonics can be obtained for DmM r; tð Þ ¼ D
m
LC r; tð Þ ¼ D
m
Mn (stable diffusion coef-
ficients) and Kd r; tð Þ ¼ Kd0 (stable absorption) [6]:
∂Mm0 r; τð Þ
∂τ
¼
XH
l¼0
am0, l rð ÞM
m
l r; τð Þ
∂Mm1 r; τð Þ
∂τ
¼ Mm1 r; τð Þ þ
XH
l¼0
am1, l rð ÞM
m
l r; τð Þ
::……………………………………
∂MmH r; τð Þ
∂τ
¼ N2MmH r; τð Þ þ
XH
l¼0
amN, l rð ÞM
m
l r; τð Þ
,
8>>>>>><
>>>>>>:
(14)
and also a system of differential equations for the amplitudes of refraction index harmonics:
∂nm0 r; τð Þ
∂τ
Mn ¼ δnp
XH
l¼0
am0, l rð ÞM
m
l r; τð Þ
∂nm1 r; τð Þ
∂τ
Mn ¼ δnp
XH
l¼0
am1, l rð ÞM
m
l r; τð Þ þ δnlcM
m
1 r; τð Þ
:…………………………………………………
∂nmH r; τð Þ
∂τ
Mn ¼ δnp
XH
l¼0
amH, l rð ÞM
m
l r; τð Þ þ δnlcH
2MmH r; τð Þ
:
8>>>>>><
>>>>>>:
(15)
In equation systems Eqs. (14) and (15), a coefficient matrix is introduced [6]:
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amj, l rð Þ ¼ 
em1 e
m
2 e
m
3 0 0 0 : 0 0 0 0
2em2 e
m
11 e
m
2 e
m
3 0 0: : 0 0 0 0
2em3 e
m
2 e
m
1 e
m
2 e
m
3 0 : 0 0 0 0
0 em3 e
m
2 e
m
1 e
m
2 e
m
3 : 0 0 0 0
0 0 em3 e
m
2 e
m
1 e
m
2 : 0 0 0 0
0 0 0 em3 e
m
2 e
m
1 : 0 0 0 0
: : : : : : : : : : :
0 0 0 0 0 0 : em1 e
m
2 e
m
3 0
0 0 0 0 0 0 : em2 e
m
1 e
m
2 e
m
3
0 0 0 0 0 0 : em3 e
m
2 e
m
1 e
m
2
0 0 0 0 0 0 : 0 em3 e
m
2 e
m
1
8>>>>>>>>>>><
>>>>>>>>>>>:
9>>>>>>>>>>>=
>>>>>>>>>>>;
, (16)
where em1 ¼
ffiffi
2
p
bms
1þ Lms
 
; em11 ¼
ffiffi
2
p
bms
1þ 3Lms =2
 
; em2 ¼
ffiffi
2
p
mms
4bms
; em3 ¼
ffiffi
2
p
bms
Lms =2; m
m
s ¼ mm rð Þ;
Lms ¼ Lm rð Þ ¼  mm rð Þ½ 2=16; bms ¼ bm rð Þ ¼
Tmp rð Þ
TmM rð Þ are the parameters that characterize the ratio of
polymerization and diffusion rates; and Tmp rð Þ is the characteristic polymerization time:
Tmp rð Þ ¼
1
Kg
 2Kb
α0βKd0τ0I
m
rð Þ
 0,5
, (17)
TmM rð Þ is the characteristic diffusion time:
TmM rð Þ ¼
1
DmMn  Km  rþ φ0 rð Þ  φ1 rð Þ
 2 : (18)
Coefficients amj, l rð Þ describe the contributions of photopolymerization and diffusion recording
mechanisms. However, for analysis of equation systems Eqs. (14) and (15), it is convenient to
introduce the coupling coefficients cmj, l rð Þ ¼ amj, l rð Þ  j2δj, l (δj, l is the Kronecker symbol), which
characterizes the coupling between j and l harmonics. The difference between coefficients cmj, l rð Þ
and amj, l rð Þ characterizes the contribution of monomer diffusion to the recording process and it
is proportional to the second degree of the harmonic’s number. The increase of this contribu-
tion according to the harmonic’s number is due to grating period decrease and, respectively,
the diffusion characteristic time decrease for this harmonic.
For solution of the coupled differential equations system (14), the initial conditions should be
introduced:
Mm0 r; τ ¼ 0ð Þ ¼ Mn,Mm1 r; τ ¼ 0ð Þ ¼ 0,…,MmH r; τ ¼ 0ð Þ ¼ 0: (19)
The solution can be found using the operator method [6]. The general solution for the spatial
amplitude profiles of monomer concentration harmonics will be:
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Mmj r; τð Þ ¼ Mn
XH
l¼0
Amj, l rð Þexp λ
m
l rð Þ  τ
 
, (20)
where functional dependencies of coefficients λml rð Þ are defined as the roots of the characteris-
tic equation cmj, l rð Þ  λ
m
l rð Þ

 ¼ 0. Analysis shows that λml rð Þ is real, different, and negative.
Coefficients Amj, l rð Þ are defined as solutions of a system of linear algebraic equations:
1 1 1 : 1
λ
m
0 λ
m
1 λ
m
2 : λ
m
H
λ
m2
0 λ
m2
1 λ
m2
2 : λ
m2
H
λ
m3
0 λ
m3
1 λ
m3
2 : λ
m3
H
λ
m4
0 λ
m4
1 λ
m4
2 : λ
m4
H
: : : : :
λ
mH
0 λ
mH
1 λ
mH
2 : λ
mH
H
8>>>>>>><
>>>>>>>:
9>>>>>>>=
>>>>>>>;

Amj,0
Amj,1
Amj,2
Amj,3
Amj,4
…
Amj,H
8>>>>>>><
>>>>>>>:
9>>>>>>>=
>>>>>>>;
¼ Mn
δj,0
cmj,0
XH
i0¼0
cmj, i0c
m
i0,0
XH
i1¼0
cmj, i1
XH
i0¼0
cmi1, i0c
m
i0,0
:………………………………………
XH
i N2ð Þ¼0
cmj, iN1…
XH
i2¼0
cmi3 , i2
XH
i1¼0
cmi2, i1
XH
i0¼0
cmi1 , i0c
m
i0 ,0
8>>>>>>>>><
>>>>>>>>>>:
9>>>>>>>>>=
>>>>>>>>>>;
,
(21)
where λml ¼ λ
m
l rð Þ, A
m
j, l ¼ A
m
j, l rð Þ, c
m
j, l ¼ c
m
j, l rð Þ.
Then, by substituting (20) to (15) and by integrating the resulting differential equations with
initial conditions, we get.
nm0 r; τ ¼ 0ð Þ ¼ 0, n
m
1 r; τ ¼ 0ð Þ ¼ 0,…n
m
H r; τ ¼ 0ð Þ ¼ 0 (22)
The general solution for the amplitude of j-harmonic of the refractive index can be found:
nmj r; τð Þ ¼ n
m
p j r; τð Þ þ n
m
lc j r; τð Þ, (23)
where nmp j r; τð Þ ¼ δnp
PH
l¼0
amj, l rð Þ
PH
q¼0
Aml,q rð Þ
1exp λmq rð Þτ½ 
λ
m
q rð Þ
, nmlc j r; τð Þ ¼ δnlc  j
2 PH
q¼0
Amj,q rð Þ
1exp λmq rð Þτ½ 
λ
m
q rð Þ
,
j = 0,…,H.
Thus, Eqs. (13), (20), and (23) are the general solutions of nonlinear photopolymerization
diffusion holographic recording of waveguide channels system in PDLCs (PSLCs) in the case
of stable diffusion coefficients and stable absorption. They define kinetics of spatial profiles of
monomer concentration—Mm r; τð Þ and refractive index nm r; τð Þ.
In case of high nonlinearity, it is possible to form the specific spatial profile of refractive index.
The nonlinearity of recording is achieved by changing the ratio of the photopolymerization
and diffusion mechanism contributions to the process of structure’s formation.
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3. Numerical simulations
To investigate the formation processes, numerical simulations of first four refractive index
harmonics kinetics for transmission and reflection geometries were made with the following
parameters: λ ¼ 633 nm and θ0 ¼ θ1 ¼ 30

for transmission geometry (Figure 1a) and
θ0 ¼ θ1 ¼ 60

for reflection geometry (Figure 1b); E0 rð Þ ¼ E1 rð Þ ¼ 1; φ0 rð Þ, ¼ φ1 rð Þ ¼ 0;
e0, e1 are oriented with respect to extraordinary waves in material; d ¼ 10 μm; δnp=δni ¼ 0:5;
and for two values of parameter b ¼ be ¼ 0:2 and b ¼ be ¼ 5 in the absence of absorption.
Values b ¼ 0:2 and 5 are chosen as an example to investigate two common cases: b << 1 and
b >> 1. Simulations were made by Eq. (23); results are shown in Figure 2.
As can be seen from Figure 2, in the case of predomination of polymerization (be ¼ 0:2,
Figure 2a), the structure forms quickly, but amplitudes of higher harmonics are high, so the
spatial profile of refractive index changes has an inharmonic character. In another case of
diffusion predominance (be ¼ 5, Figure 2b), spatial profile is quasi-sinusoidal, but it is slower.
These effects can be explained by the following. When polymerization is rapid, in the area of
the maximum of intensity distribution (Eq. (3)), molecules of liquid crystal do not have time to
diffuse, so the concentrations’ gradient is not high enough; monomer molecules do not diffuse
fromminimums of intensity distribution. Thus, profile of refractive index distribution becomes
inharmonic. So, it can be concluded that ratio of polymerization and diffusion rates bm r; τð Þ
defines the distribution nm r; τð Þ.
Corresponding distributions ne r; τ ¼ 50ð Þ for two examined cases in the absence of absorption
are shown in Figure 3.
In Figure 3, a new spatial coordinate is introduced: ξ ¼ y for transmission geometry (see
Figure 1a) and ξ ¼ z for reflection geometry (see Figure 1b).
According to Eqs. (17) and (18), parameter bm r; τð Þ depends on formation field’s amplitude and
phase distributions as well as material properties. So, by controlling these parameters one can
create any distribution of refractive index nm r; τð Þ. As is shown in Figure 3, distributions can be
quasi-rectangular (Figure 3a) and quasi-sinusoidal (Figure 3b), so they can be mentioned as
waveguides systems.
It should be also noted that the amplitude of refractive index change when b ¼ 0:2 (Figure 3a),
due to high amplitudes of higher harmonics (see Figure 2a), is lower than in the case of b ¼ 5.
To investigate the impact of absorption on the spatial profile of structure along the thickness of
the sample, numerical simulations were made with the following parameters: λ ¼ 633 nm;
θ0 ¼ θ1 ¼ 30

for transmission geometry (Figure 1a) and θ0 ¼ θ1 ¼ 60

for reflection geom-
etry (Figure 1b); E0 rð Þ ¼ E1 rð Þ ¼ 1; φ0 rð Þ, ¼ φ1 rð Þ ¼ 0; e0, e1 are oriented with respect to
extraordinary waves in material; d ¼ 10 μm; δnp=δni ¼ 0:5; b ¼ b
e ¼ 5; αd ¼ 2 Np. Simulations
were made by Eq. (23) for the amplitude of the first harmonic of refractive index and for two
formation geometries. Results are shown in Figure 4.
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As shown in Figure 4, absorption of the formation field causes dependence of the first har-
monic on z-coordinate (see Figure 1) during the recording process. Thus, the spatial profile of
refractive index changes its character in time and space.
In Figure 4, some characteristic cases of localization of maximum of refractive index change in
the thickness can be seen. In particular, in the case of transmission geometry (Figure 4a) at
τ ¼ 2:5, maximum is localized between 1.5 and 3.5 μm of the material thickness. For reflection
geometry (Figure 4b), one maximum is localized near 5 μm at τ ¼ 1:25, and there are two
Figure 2. Refractive index harmonics kinetics for b ¼ 0:2 (a) and b ¼ 5 (b).
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other maximums at τ > 2:5. These effects take place because of dependence bm rð Þ. Absorption
causes the dependence on z-coordinate and spatial distributions of amplitude, and the phase of
recording field (Eqs. (1) and (2)) causes the dependence on x and y coordinates. In more
general cases, there is also a temporal dependence bm r; τð Þ caused by photo-induced effects
(Eq. (6)).
Figure 3. Refractive index distributions for b ¼ 0:2 (a) and b ¼ 5 (b).
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To illustrate the localization of waveguide channels into the material, in Figure 5, there are
some more two-dimensional spatial distributions of refractive index, obtained by Eq. (23) for
transmission and reflection geometries—b ¼ be ¼ 5 and for different values of τ.
It follows from the abovementioned that by controlling the spatial distribution of light field
and taking the absorption effects into account, the waveguide systems localized into the
Figure 4. Impact of light absorption: transmission geometry (a) and reflection geometry (b).
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material can be holographically formed. Localization is important because of the necessity to
create a predetermined refractive index profile independent from properties of possible sub-
strates (electrodes, glass, polymer layers, etc.). In particular, to create the waveguide system
localized near the bottom substrate, formation geometry should be transmissive and formation
Figure 5. Two-dimensional refractive index distributions: transmission geometry (a–c) and reflection geometry (d–f).
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should be stopped before τ ¼ 0:5, for localization into the center of the sample—
0:5 < τ < 2:5—for transmission and reflection geometries, and for τ > 2:5, waveguides will be
localized near the top substrate for transmission geometry and not localized for reflection
geometry. The given values of τ are valid for the formation parameters given earlier.
In our recent works [9–18], we have seen that the impact of the external electric field on the
holographic structure formed in PDLC (PSLC) leads to the refractive index change due to
electro-optical orientation mechanisms, that is typical to liquid crystals, and the recorded
structure can be “erased”. So, it can be supposed that the impact of external electric field on
individual waveguides will lead to its “erasing”, and it is possible to “switch off” some
waveguides or change the system’s period, and so on.
4. Conclusion
Thus, in this chapter, the theoretical model of holographic formation of controllable waveguide
channels system in photopolymer liquid crystalline composition is developed. The most gen-
eral cases are described by the developed model, and numerical simulations were made for
plane recording waves and stable absorption cases. Special attention is paid to localization of
waveguides in the media caused by light field attenuation during the formation process.
It is shown that parameters of the waveguide system formed by holography’s methods are
determined by recording geometry and material’s properties. Also, by control of these param-
eters, waveguides can be localized into the sample that makes them independent from sub-
strates. Also, introduced compositions contain liquid crystals that make it possible to create
elements, controllable by external electric field.
Obtained results can be used for new photonics devices based on photopolymer liquid crys-
talline composition development.
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